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DOI: 10.1039/b904277fSingle crystals of lead chromium phosphate Pb3Cr2(PO4)4 were grown by a flux technique and
characterized by X-ray powder and single crystal diffraction, differential thermal analysis, polarized
light microscopy and magnetic measurements. Two polymorphic structures have been identified:
a monoclinic Pb3Cr2(PO4)4 of space group P21/c (14) and a tetragonal Pb3Cr2(PO4)4 of space group
P41212 (94), and their phase correlation is described. Both structures consist of a three-dimensional
framework which is composed of PO4 tetrahedra and CrO6 octahedra connected via vertices. Lead ions
are situated at the cavities of the framework, but the positions of lead ions in the monoclinic
Pb3Cr2(PO4)4 are different from those in the tetragonal Pb3Cr2(PO4)4. The Pb3Cr2(PO4)4 crystals are
found to exhibit interesting physical properties. The ferroelastic domain structures reveal characteristic
patterns of the tetragonal and the monoclinic symmetry of the crystals. The birefringence of the
tetragonal crystals decreases with increasing temperature. The monoclinic crystal is found to undergo
a series of magnetic phase transitions upon cooling, from a paramagnetic phase (from room
temperature down), to an antiferromagnetic phase below TN¼ 6 K, and then to a weakly ferromagnetic
phase below the Curie temperature TC ¼ 4 K, with a magnetic hysteresis loop displayed at 2 K.1. Introduction
Previous studies on phosphates containing lead and transition
metal elements have shown the possibility to generate numerous
structural frameworks. Examples of molybdenum phosphates
and copper phosphates include lead molybdenum(IV) phosphate
Pb2Mo2O(PO4)2P2O7,
1 lead molybdenum(VI) monophosphate
Pb(MoO2)2(PO4)2,
2 lead molybdenum(V) monophosphate
Pb3(MoO)3(PO4)5,
3 trilead tricopper phosphate Pb3Cu3(PO4)4,
4
lead copper diphosphate PbCu(P2O7)
5 and dilead copper chro-
mate(VI) phosphate(V) hydroxide Pb2Cu(CrO4)(PO4)(OH).
6
The association of lead with phosphate and chromate frame-
works has also made it possible to form a large number of open
structures.
In contrast, only a few examples of complex lead and chro-





9 phosphates. They all contain lead and chromium
cations and PO4
3 groups, but the polyhedra formed by Cr and O
are different: in Pb3Cr2(PO4)4, they form CrO6 octahedra, but inaState Key Laboratory for Physical Chemistry of Solid Surfaces,
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6034 | J. Mater. Chem., 2009, 19, 6034–6041Pb4(PO4)2CrO4 and Pb5O(CrO4)(PO4)2, they form CrO4 tetra-
hedra. Synthesis and crystal structure of the X-ray powder
diffraction pattern of tetragonal Pb3Cr2(PO4)4 were reported
briefly,7 however, the crystal structure data were rather prelimi-
nary and incomplete, and no property characterization was
performed.
Other types of compounds whose structures are similar to






13 These compounds consist of columns of cations,
with the P2O7
4 or PO4
3 groups located between the columns.
The structural framework in PbFe2(P2O7)2
12 and Pb3Fe2(PO4)4
13
generates 8-membered tunnels (four CrO6 octahedra and four
PO4
3 tetrahedra) running along the a axis, with Pb2+ cations
being situated at these tunnels. The monoclinic Pb3Fe2(PO4)4 of
space group P21/c consists of a three-dimensional framework
which is formed by PO4 tetrahedra and CrO6 octahedra con-
nected via vertices.
Phosphate compounds containing transition metal elements
are known to show interesting magnetic interactions and
magnetoelectric effects which consist of induction of an electric
polarization by the application of a magnetic field, or vice
versa.14 For instance, lithium cobalt phosphate LiCoPO4 was
found to exhibit the highest linear magnetoelectric effect so far
known among single compounds.15 It is expected that lead
chromium phosphates could undergo magnetic ordering with
potentially interesting magnetic and magnetoelectric properties.
Based on the above-mentioned motivation, the objectives of
this work were to synthesize lead chromium phosphate single
crystals of Pb3Cr2(PO4)4, a relatively unknown member of the
lead chromium phosphate family, by a flux method, to determineThis journal is ª The Royal Society of Chemistry 2009
Fig. 1 Room temperature X-ray powder diffraction pattern of mixed






























































View Onlinetheir structures by X-ray single crystal and powder diffraction,
and to characterize the thermal, optical and magnetic properties
of the materials synthesized. In addition to the tetragonal struc-
ture previously reported, a polymorphic monoclinic phase is
found to coexist at room temperature. The structural relationship
between the monoclinic Pb3Cr2(PO4)4 and the tetragonal
Pb3Cr2(PO4)4 is analyzed and discussed. We have also charac-
terized the crystals by differential thermal analysis, birefringence
and magnetic measurements. It is found that, upon cooling, the
Pb3Cr2(PO4)4 crystals exhibit interesting magnetic properties
with paramagnetism at room temperature, antiferromagnetism at
6 K and weak ferromagnetism at temperatures below TC ¼ 4 K.
2. Experimental
2.1. Crystal growth
Single crystals of the double phosphate Pb3Cr2(PO4)4 were
prepared by a flux method from a stoichiometric mixture of
Cr2O3, NH4H2PO4, H3BO3 and PbO (with an excess of H3BO3 to
ensure complete reaction) in a Pt crucible. The mixture in the
molar ratio 2:6:4.5:5 (mCr2O3 ¼ 3.803 g; mNH4H2PO4 ¼ 8.631 g;
mH3BO3 ¼ 3.526 g; mPbO ¼ 13.960 g) was first heated at 200 C/h
to 600 C, and at 100 C/h to 1100 C, and then kept at 1100 C
for 24 hours in air in a muffle furnace. Afterward, the crucible
was cooled at gradually increasing rates: 5 C/h to 1000 C, 10
C/h to 900 C, 50 C/h to 700 C and then quenched to room
temperature. The solidified product was leached in dilute HNO3
solution (0.5 mol/L) for 2 days at 80 C. Green plate-like crystals
and dark green grain crystals were extracted. The green plate-like
crystals were determined to be Pb3Cr2(PO4)4 and the dark green
grain crystals were found to be CrBO3 by single crystal X-ray
diffraction.
2.2. X-Ray diffraction
Room temperature powder X-ray diffraction was performed on
ground Pb3Cr2(PO4)4 crystals using a Panalytical X’pert PRO
diffractometer in the 2q region of 10–90 with a step of 0.0167.
In order to obtain a diffractogram with better quality, the
powder sample was uniformly sprinkled on the glass board and
pressed. The X-ray powder diffraction patterns of Pb3Cr2(PO4)4
were indexed with the X’Pert High Score program. Single crystal
X-ray diffraction was performed on an Enraf-Nonius CAD4
diffractometer and the parameters were determined by least-
squares analysis. The reflections were collected at 293 K in the q–
2q scan mode using monochromatic MoKa radiation (l ¼
0.71073 Å). The positions of heavy atoms were obtained using
the MULTAN87 program and the positions of the other atoms
were determined from electron density maps. The structure was
confirmed by full-matrix least-squares refinement on F2 using
SHELXS 97. Before mounting the crystals on the X-ray
diffractometer, we carefully examined them under a polarized
light microscope and confirmed that the tetragonal and mono-
clinic single crystals to be used for X-ray single crystal diffraction
were monodomain single crystals. The crystals for XRD
measurements were carefully selected under the microscope with
high magnification, and were clearly confirmed as single crystals
without impurity. Therefore, no impurity phases were present in
the samples.This journal is ª The Royal Society of Chemistry 20092.3. Differential thermal analysis
Differential thermal analysis (DTA) was carried out on a powder
sample obtained from the mixed crystals, from room tempera-
ture to 1100 C at a heating rate of 10 C/min using a NETZSCH
STA 409EP apparatus. The sample of 23.800 mg was placed into
a Pt pan. No clear endothermic or exothermic peaks were
detected on the DTA curve, suggesting that no phase transition
or decomposition takes place up to 1100 C in Pb3Cr2(PO4)4.
This conclusion is supported by in-situ high-temperature X-ray
powder diffraction measurements which did not reveal any
structural phase transition up to 900 C.
2.4. Physical properties characterization
The domain structure of Pb3Cr2(PO4)4 crystals was examined by
means of polarized light microscopy (PLM) using an Olympus
BX60 microscope. Magnetic measurements were performed
using a Superconducting Quantum Interference Device (SQUID,
PMS XL-7, Quantum Design). The measurements were carried
out as a function of temperature from 2 K to 300 K at a low
magnetic field of H ¼ 100 Oe after zero field cooling.
3. Results and discussion
3.1. Phase analysis
Two phases of Pb3Cr2(PO4)4 were identified from the X-ray
powder diffraction patterns. One is in the monoclinic system with
the space group P21/c (14) and the lattice parameters a ¼
8.9342(18) Å, b ¼ 8.9680(18) Å, c ¼ 9.2495(18) Å, and b ¼
116.74(3). The other phase is in the tetragonal system with the
space group P41212 (94) and the parameters a¼ 8.9455(13) Å and
c ¼ 16.510(3) Å.
The room temperature X-ray powder diffraction pattern of the
ground mixed crystals of Pb3Cr2(PO4)4 is presented in Fig. 1. An
X-ray powder diffraction Rietveld refinement was performed by
using X’Pert HighScore Plus.16 The observed intensities and
calculated intensities with their indices are presented in Fig. 2 for
2q ¼ 10–17, 2q ¼ 17–27 and 2q¼ 27–37. The XRD pattern
of Pb3Cr2(PO4)4 with higher 2q angles was not indexed for the
sake of clarity. The peaks with underlined indices correspond to
the tetragonal P41212 pattern of Pb3Cr2(PO4)4. The portions ofJ. Mater. Chem., 2009, 19, 6034–6041 | 6035
Fig. 2 Detailed XRD patterns before (Iobs, black solid line) and after
Rietveld refinement (Icalc, grey dashed line) of mixed Pb3Cr2(PO4)4
crystals, which are composed of a tetragonal phase (space group P41212
with diffraction peak indices underlined) and a monoclinic phase (space






























































View Onlinethe monoclinic and tetragonal phases are 0.221 and 0.779,
respectively. Therefore, the analysis of the diffraction patterns
proves that two phases were indeed present in the powder sample
obtained from the crushed crystals, suggesting that two kinds of
single crystal of Pb3Cr2(PO4)4 have formed.Fig. 3 Structure of monoclinic Pb3Cr2(PO4)4 (space group P21/c) viewed
along the [010] direction.3.2. Crystal structure determination
Optical examination of the grown Pb3Cr2(PO4)4 crystals by
polarized light microscopy clearly reveals two kinds of crystal
with distinct domain structures and morphologies (see section
3.4). Subsequent X-ray single crystal diffraction analyses of these
two kinds of crystal confirm that they indeed crystallize in two6036 | J. Mater. Chem., 2009, 19, 6034–6041different structures: a monoclinic phase of space group P21/c and
a tetragonal phase of space group P41212, which are described in
detail in the following sections.
3.2.1 Monoclinic structure of Pb3Cr2(PO4)4 with space group
P21/c. A green plate-like single crystal (see Fig. 9 later) with
dimensions 0.18  0.19  0.21 mm3 was mounted on an Enraf-
Nonius CAD4 diffractometer. The monoclinic cell parameters
were determined by least-squares analysis of 24 reflections with
43 < 2q < 45. A total of 1242 reflections was collected at 293 K
for (sinq/l)max ¼ 0.5384 Å1 and 10 # h # 9, 0 # k # 10, 0 # l
# 11, in the q–2q scan mode by using monochromatic MoKa
radiation (l ¼ 0.71073 Å). The standard reflections (102) and
(112) were varied by less than 2% and 1.2%, respectively. After
averaging equivalent reflections, 1091 unique reflections were
obtained (Rint ¼ 0.0764). The observed systematic absence of the
reflections and the theoretical considerations led to the unique
space group P21/c. The positions of heavy atoms were obtained
using the MULTAN87 program and the positions of the other
atoms were determined from electron density maps. The struc-
ture was solved in the space group P21/c and confirmed by full-
matrix least-squares refinement on F2 using SHELXS 97. Sixty-
one variables, including anisotropic displacement parameters,
were refined to R1 ¼ 0.0595 and wR2 ¼ 0.1745 (w ¼ 1/[s2(Fo2) +
(0.0630P)2 + 4.4418P], where P ¼ (Fo2 + 2Fc2)/3), considering
1091 unique contributing reflections with Fo > 4s(Fo) and S ¼
1.441. The maximum shift/e.s.d. in the last cycle was 0.000. The
final residual electron density was 5.559 (4.646) e/Å3.
The monoclinic structure of Pb3Cr2(PO4)4 can be described as
a three-dimensional framework constructed based on PO4
3
tetrahedra connected by CrO6 octahedra via vertices. Lead ions
are located in the cavities of the framework. Vacant sites inside
the Cr2(PO4)4
6 framework form ordered layers along the b and c
directions with one layer of vacant positions alternating with
three layers of fully occupied positions.
The polyhedral view of the monoclinic Pb3Cr2(PO4)4 structure
is shown in Fig. 3, which indicates the CrO6 octahedra linked by
vertices with the PO4 tetrahedra, forming a three-dimensional
Cr2(PO4)4
6 framework. The phosphorus atoms are located in
two positions with tetrahedral coordination. Each tetrahedron
shares three vertices with three adjacent CrO6 octahedra. ForThis journal is ª The Royal Society of Chemistry 2009
Fig. 4 Bond connections around Pb(1) and Pb(2) in monoclinic
Pb3Cr2(PO4)4: (a) bond connections around Pb(1) and (b) bond
connections around Pb(2).
Table 1 Crystallographic data, recording conditions and crystal struc-
ture refinement data for two kinds of Pb3Cr2(PO4)4 crystal
Pb3Cr2(PO4)4 Pb3Cr2(PO4)4
Empirical weight 1105.45 1105.45
Wavelength (Å) 0.71073 0.71073
Temperature (K) 293 293
Crystal system Tetragonal Monoclinic
Space group P41212 P21/c
a (Å) 8.9455(13) 8.9342(18)
b (Å) 8.9455(13) 8.9680(18)
















2q range () 5.18 < 2q < 51.10 5.10 < 2q
< 51.08
hkl range 10 # h # 10;
7 # k # 7;
19 # l # 19
10 # h # 9; 0 # k
# 10; 0 # l # 11




















































































View Onlineboth types of phosphate tetrahedra, short and long P–O
distances and strong deviations from the ideal angle values are
observed.
Lead ions occupy the cavities of this framework to form layers
parallel to the (100) plane. One layer of vacancies alternates with
three layers of occupied sites. The coordination number (CN) is
found to be 4 for one type of lead site, and CN ¼ 8 for the other
type of lead site. The oxygen environments of these two types of
site are also quite different. The bond connections around Pb(1)
and Pb(2) are shown in Fig. 4. Each Pb(1)O4 polyhedron is
connected with one adjacent neighbouring Pb(2)O8 polyhedron
through two oxygen ligands (Fig. 4a), whereas the Pb(2)O8
polyhedron is connected with two Pb(1)O4 polyhedra (Fig. 4b). It
can be seen from Fig. 4 that the coordination polyhedron for the
Pb(1) position is rather asymmetric, whereas the coordination
polyhedron for the Pb(2) positions is centrosymmetric. The bond
valence of Pb(1) was calculated to be 1.671 and the bond valance
of Pb(2) is 2.088.
3.2.2 Tetragonal structure of Pb3Cr2(PO4)4 with space group
P41212. The data collection for the tetragonal Pb3Cr2(PO4)4
crystal was carried out at room temperature with (sinq/l)max ¼
0.5723 Å1 and 10 # h # 10, 7 # k # 7, 19 # l # 19, and
1063 reflections collected (909 unique, Rint ¼ 0.015). The cell
parameters were refined from 23 reflections with 40 < 2q < 48.
The structure was solved in the space group P41212 and
confirmed by full-matrix least-squares refinement on F2 usingThis journal is ª The Royal Society of Chemistry 2009SHELXS 97. Sixty-one variables, including anisotropic
displacement parameters, were refined to R1¼ 0.0713 and wR2¼
0.1968 (w ¼ 1/[s2(Fo2) + (0.0630P)2 + 4.4418P], where P¼ (Fo2 +
2Fc
2)/3), considering 909 unique contributing reflections with Fo
> 4s(Fo) and S ¼ 1.110. The maximum shift/e.s.d. in the last
cycle was 0.000. The final residual electron density was 4.020
(3.677) e/Å3.
The crystallographic data of the monoclinic and the tetragonal
Pb3Cr2(PO4)4 are summarized in Table 1. The atomic positional
and displacement parameters are given in Table S1 and the





























The tetragonal structure of Pb3Cr2(PO4)4 can also be described
as a three-dimensional framework constructed based on PO4
3
tetrahedra connected by CrO6 octahedra via vertices. Lead ions
are situated at the cavities of the framework. The structure of





























































View OnlinePb3Cr2(PO4)4 except for the location of lead ions. The lead
positions form layers along a and b directions. One layer of
vacant positions alternates with three layers of fully occupied
positions.
The polyhedral representation of the tetragonal Pb3Cr2(PO4)4
structure is shown in Fig. 5. As in the monoclinic Pb3Cr2(PO4)4, theFig. 5 (a) Structure of tetragonal Pb3Cr2(PO4)4 (space group P41212)
viewed along the [010] direction. (b) Structure of tetragonal Pb3Cr2(PO4)4
viewed along the [110] direction. The array of vacant layers alternates.
Fig. 6 Bond connections around Pb(1) (a) and Pb(2) (b) in tetragonal
Pb3Cr2(PO4)4.
6038 | J. Mater. Chem., 2009, 19, 6034–6041CrO6 octahedra in the tetragonal Pb3Cr2(PO4)4, also linked via
vertices with the PO4
3 tetrahedra, form a three-dimensional
Cr2(PO4)4
6 framework (Fig. 5a). Each tetrahedron shares three
vertices with three adjacent CrO6 octahedra, while each CrO6 octa-
hedronshares eight vertices witheightadjacentPO4
3 tetrahedra. The
array of vacant layers alternates with polyhedron layers (Fig. 5b).
Lead ions occupy the cavities of this framework to form layers
parallel to the (001) plane. One layer of vacancies alternates
between three layers of occupied positions. For one type of lead
site, the CN is 4, and for the other type of lead site CN is 8. The
oxygen environments of these two sites are also different. The
bond connections around Pb(1) and Pb(2) are shown in Fig. 6.
The Pb(1)O4 polyhedron shares two oxygen ligands to connect
with one Pb(2)O8 polyhedron (Fig. 6a), whereas the Pb(2)O8
polyhedron is connected with two Pb(1)O4 polyhedra (Fig. 6b).3.3. Phase correlation
To explore the relationship between the two phases we compare
the structure data of monoclinic Pb3Cr2(PO4)4 (space group
P21/c, a ¼ 8.9342(18) Å, b ¼ 8.9680(18) Å, c ¼ 9.2495(18) Å and
b ¼ 116.74(3)) with the data of tetragonal Pb3Cr2(PO4)4 (space
group P41212, a ¼ 8.9455(13) Å and c ¼ 16.510(3) Å). The
transformation matrix from the tetragonal lattice to the mono-










@am ¼ at; bm ¼ bt; cm ¼ ðct  atÞ=2
1
A
The polyhedral view of the tetragonal Pb3Cr2(PO4)4 structure
along the [1 0 1] direction is similar to the polyhedral view of
the monoclinic Pb3Cr2(PO4)4 structure along [1 0 1], as shown
in Fig. 7.
Only the 21 axis along the b direction remains in the new lattice
of the space group P21/c after this operation, and the monoclinic
lattice volume becomes smaller than the tetragonal volume. The
single crystal structural analysis reveals an inversion center and
a c-plane symmetry in the monoclinic Pb3Cr2(PO4)4, whereas these
symmetry elements are absent in the tetragonal Pb3Cr2(PO4)4.
The structure of Pb3Cr2(PO4)4 can be described as a three-
dimensional framework constructed based on PO4
3 tetrahedra
connected with CrO6 octahedra by vertices. The lead ions are
located in the cavities of the framework. Small changes take place
in the construction of the Cr2(PO4)4
6 framework of the mono-
clinic Pb3Cr2(PO4)4 in comparison with the tetragonal
Pb3Cr2(PO4)4. It is the different locations of the Pb
2+ ions that
cause the main difference between the two structures.
From a thermodynamics point of view, the lattice energies of
the P21/c and P41212 phases must be very similar so that upon
cooling both phases crystallize out from the high-temperature
solution. These two polymorphic phases found in Pb3Cr2(PO4)4
may not necessarily be related by the high-temperature ‘‘parent
phase’’ and low-temperature ‘‘daughter phase’’ relationship, even
though, in general, the tetragonal space group P41212 is related
to the monoclinic P21/c by a three-step symmetry reduction/
symmetry change. This statement is consistent with the in-situ
high temperature XRD measurements that did not show any
structural phase transition from one phase to the other up to 900This journal is ª The Royal Society of Chemistry 2009
Fig. 8 (a) Polarized light micrograph showing the domain structure of
a tetragonal Pb3Cr2(PO4)4 crystal platelet under nearly crossed polarizers
at 295 K. (b) Schematic of domain structure showing the sections of
optical indicatrix oriented along the <100> direction, consistent with the
tetragonal symmetry.
Fig. 7 Scheme of lattice transformation from the tetragonal to the
monoclinic structure of Pb3Cr2(PO4)4: (a) structure of tetragonal
Pb3Cr2(PO4)4 viewed along the [1 0 1] direction; and (b) structure of
monoclinic Pb3Cr2(PO4)4 viewed along the [0 0 1] direction.
Fig. 9 (a) Polarized light micrograph showing the domain structure of
a monoclinic Pb3Cr2(PO4)4 platelet under nearly crossed polarizers at 295
K. (b) Schematic of the stripe domain structure with the naturally grown





























































View OnlineC. It can be expected that these two polymorphic phases origi-
nate from a common parent phase of Pb3Cr2(PO4)4.3.4. Ferroelastic domain structure and birefringence
3.4.1 Observation of the domain structures. The Pb3Cr2(PO4)4
crystals were examined by means of polarized light microscopy
(PLM) using an Olympus BX60 microscope. Fig. 8a and Fig. 9a
show the domain structures of selected (001) crystal platelets of
tetragonal and monoclinic Pb3Cr2(PO4)4, respectively. These
patterns reveal typical ferroelastic domain structures with bire-
fringence for both types of crystals under nearly crossed polar-
izers.18 The domain structure in Fig. 8a is composed of
birefringent lamellar domains with the mutually perpendicular
optical indicatrix sections, i.e. the extinction directions, oriented
along the <100> directions, as shown in Fig. 8b. Such a domain
structure is consistent with the tetragonal symmetry.18 On the
other hand, the pattern in Fig. 9a is composed of fine stripe
domains which show no clear extinction at any angles under
crossed polarizers, indicating a monoclinic symmetry. In addi-
tion, the morphology of the crystal plate reveals a naturally
formed angle of 115, as shown in Fig. 9b, which is in agreement
with the monoclinic angle of 116.7 given in Table 1. Therefore,
the observation and analysis of the ferroelastic domain structuresThis journal is ª The Royal Society of Chemistry 2009confirm the tetragonal and monoclinic polymorphic forms of the
Pb3Cr2(PO4)4 crystals, and are consistent with the X-ray struc-
tural analysis. It is also found that the domain structures of both
crystals remain unchanged upon heating from room temperature
to 575 C, showing no structural phase transitions, which is
consistent with the DTA results in section 2.3.
3.4.2 Birefringence measurements. The birefringence of the
tetragonal Pb3Cr2(PO4)4 crystal plate (Fig. 8) was studied as
a function of temperature with the help of a heating/cooling stage
(HTMS600, Linkam) mounted on the polarizing microscope.
The optical retardation of the domain was measured using
a tilting compensator (3l) and the birefringence was calculated
for l ¼ 546.1 nm (e line). The measurement was carried out on
the grey circle area shown in Fig. 8b upon heating from room
temperature to 575 C. The variation of the birefringence as
a function of temperature is shown in Fig. 10. The birefringence
decreases monotonically with increasing temperature from 8.8 
103 at room temperature to 6.5  103 at 575 C, indicating
a reduced structural anisotropy upon heating. A subtle change in
the slope of the birefringence curve can be noticed, but as
mentioned in section 2.3, in-situ X-ray powder diffraction
measurements performed from room temperature to 900 C did
not reveal any structural phase transition.3.5. Magnetic characterization
The magnetic measurements were carried out as a function of
temperature from 2 K to 300 K at a low magnetic field of H¼ 100J. Mater. Chem., 2009, 19, 6034–6041 | 6039
Fig. 10 Temperature dependence of the birefringence of the tetragonal
Pb3Cr2(PO4)4 crystal.
Fig. 11 (a) Temperature dependence of the zero-field-cooling magneti-
zation (M) of a monoclinic crystal of Pb3Cr2(PO4)4 in the measurement
temperature range 2–300 K. (b) Variations of susceptibility$temperature
(c$T) and inverse susceptibility (1/c) as a function of temperature. (c)
Detailed temperature dependence of the magnetic susceptibility (c) in the
low-temperature region, showing a broad maximum at TN ¼ 6 K and
a sharp increase at TC ¼ 4 K. (d) Magnetic hysteresis loop displayed at 2





























































View OnlineOe after zero-field cooling on a plate-like single crystal of
monoclinic Pb3Cr2(PO4)4 with a mass of 0.0151 g. Fig. 11 pres-
ents the variations of the measured magnetization (M) (a) and
the calculated susceptibility$temperature (c$T) and inverse
susceptibility (1/c) (b) as a function of temperature. It can be
seen that the magnetization increases upon cooling. However,
the temperature dependence of 1/c shows that the Curie-Weiss
(C-W) law is satisfied only in the temperature range close to room
temperature, while more complex behaviour appears below room
temperature, which deviates from the C-W law. Deviation from
the C-W behaviour is generally an indication of the formation of
magnetic (nano)clusters (MNCs), which destroy the purely
paramagnetic state of the system. Upon cooling, the size and
correlation length of the MNCs increase, leading to a sharper
increase of susceptibility than the C-W trend. Fig. 11(c) shows
the detailed variation of the magnetic susceptibility (c) as
a function of temperature in the low-temperature zone between 2
and 25 K. The susceptibility reaches a maximum value at TN ¼ 6
K, suggesting an antiferromagnetic ordering. It is worth noting
that this peak is relatively broader than one might expect for
a normal 3D AFM ordering, which may be indicative of the
development of short-range correlations in the Pb3Cr2(PO4)4
crystal system, or a lower dimensional magnetic ordering (which
might be possible, given the structure of the material), rather
than the development of a long-range antiferromagnetic order.
Upon further cooling, the susceptibility decreases and then
undergoes an abrupt increase at TC¼ 4 K, indicating a transition
into a ferromagnetic phase. Fig. 11(d) shows the magnetization–
bipolar magnetic field relation which clearly displays a magnetic
hysteresis loop at 2 K, confirming the (weak) ferromagnetism
below TC. Therefore, upon cooling the monoclinic Pb3Cr2(PO4)4
crystal exhibits various types of magnetic interaction, resulting in
a paramagnetic phase, an antiferromagnetic phase below TN ¼ 6
K and then a weakly ferromagnetic phase below TC ¼ 4 K.
The magnitude of the effective moment for the paramagnetic
component of the system close to room temperature is calcu-
lated, using the Curie-Weiss relation, to be meff ¼ 0.89 mB, which
is much smaller than the spin-only magnetic moment of magnetic
Cr3+ ion: ms ¼ 2[S(S + 1)]/2 ¼ 3.87 mB, but very close to the
magnetic moment from spin–orbital interactions: ms-L ¼ gJ[J(J +
1)]/2 ¼ 0.77 mB. This suggests a significant contribution from
spin–orbital interactions to the magnitude of the magnetic
moment.6040 | J. Mater. Chem., 2009, 19, 6034–6041Conclusions
Single crystals of lead chromium phosphate Pb3Cr2(PO4)4 were
synthesized by the flux method. Structural analyses by X-ray
powder and single crystal diffraction reveal two polymorphic
forms that have co-crystallized out from the high-temperature





























































View OnlineP21/c (14) and the tetragonal Pb3Cr2(PO4)4 of space group
P41212 (94). The crystal structures of both phases consist of
a three-dimensional framework of CrO6 octahedra shared with
PO4 tetrahedra via vertices, with the Pb
2+ ions occupying the
cavities of this framework. The positions of the Pb2+ ions in the
structure and their coordination environment are determined.
The study of the phase relation shows that, interestingly, only
small changes take place in the construction of the Cr2(PO4)4
6
framework of monoclinic Pb3Cr2(PO4)4 compared with the
tetragonal Pb3Cr2(PO4)4, and it is the different locations of the
Pb2+ ions that cause the main difference between the two struc-
tures. The polymorphism of Pb3Cr2(PO4)4 and the structural
relationship provide a unique example of intriguing crystal
chemistry of lead chromium phosphates.
The Pb3Cr2(PO4)4 crystals show interesting crystal physical
properties. Birefringent ferroelastic domains are formed in both
the monoclinic and tetragonal crystals, and the domain struc-
tures are consistent with the respective crystal symmetry of the
polymorphic phases. The domain patterns remain stable upon
heating to 575 C, while the birefringence of the tetragonal
crystal decreases with increasing temperature, indicating
a decreased structural anisotropy. The monoclinic Pb3Cr2(PO4)4
crystal is found to undergo a series of interesting magnetic
interactions upon cooling, giving rise to a paramagnetic phase
(from room temperature down), an antiferromagnetic phase
below TN ¼ 6 K, and then a weakly ferromagnetic phase below
the Curie temperature TC ¼ 4 K, with a magnetic hysteresis loop
displayed at 2 K. The magnetic orderings in Pb3Cr2(PO4)4 make
this compound a potential candidate for magnetoelectric mate-
rials.
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